We have performed microwave photoresistance measurements in high mobility GaAs/AlGaAs quantum wells and investigated the value of the effective mass. Surprisingly, the effective mass, obtained from the period of microwave-induced resistance oscillations, is found to be about 12 % lower than the band mass in GaAs, m ⋆ b . This finding provides strong evidence for electron-electron interactions which can be probed by microwave photoresistance in very high Landau levels. In contrast, the measured magnetoplasmon dispersion revealed an effective mass which is close to m ⋆ b , in accord with previous studies.
MIROs appear in magnetoresistivity when a 2DES is irradiated by microwaves. Being a result of electron transitions between Landau levels owing to photon absorption, MIROs are controlled by ω/ω c , where ω = 2πf is the radiation frequency. It is well established both theoretically [26] [27] [28] [29] [30] and experimentally, [31] [32] [33] [34] that MIROs can be described by − sin(2πω/ω c ), provided that 2πω/ω c ≫ 1 and that the microwave power is not too high. 35 As a result, the higher order (i = 3, 4, ...) MIRO maxima are accurately 36 described by
where B i is the magnetic field of the ith maximum and δ ≈ 1/4. 37 Once the value of δ is verified experimentally, one can obtain m ⋆ using, e.g., the dispersion of the ith MIRO maximum, f (B i ). 38 Equivalently, the mass can be obtained directly from the oscillation period at a given ω, e.g., from the dependence of i on B i , i = ωm ⋆ /eB i +δ. In this paper we investigate the effective mass in very high mobility GaAs/AlGaAs quantum wells using microwave photoresistance measurements performed over a wide frequency range from 100 GHz to 175 GHz. Remarkably, the effective mass extracted from MIROs is found to be considerably lower than the band mass value. More specifically, MIROs are found to be well described by Eq. (1) with the effective mass m ⋆ ≈ 0.059 m 0 at all frequencies studied. These findings provide strong evidence for electron-electron interactions which can be probed by microwave photoresistance in very high Landau levels. In contrast, the measured dispersion of the magnetoplasmon resonance (MPR) reveals m ⋆ ≈ m ⋆ b , in agreement with previous studies.
Our sample A (sample B) is a lithographically defined Hall bar of width w A = 50 µm (w B = 200 µm) fabricated from a 300Å-wide GaAs/Al 0.24 Ga 0.76 As quantum well grown by molecular beam epitaxy at Purdue (Princeton). The low-temperature density and mobility of sample A (sample B) were n A ≈ 2.7 × 10 11 cm −2 (n B ≈ 3.2 × 10 cm −2 ) and µ A ≈ 1.3 × 10 7 cm 2 /Vs (µ B ≈ 1.1 × 10 7 cm 2 /Vs), respectively. Microwave radiation, generated by a backward wave oscillator, was delivered to the sample placed in a 3 He cryostat via a 1/4-in.-(6.35-mm)-diameter light pipe. The resistivity ρ ω was measured under continuous microwave irradiation using a standard low-frequency lock-in technique.
In Fig. 1(a) we present the magnetoresistivity ρ ω (B) measured at T = 0.65 K in sample A under microwave irradiation of frequency f = 170 GHz. The data reveal a giant negative magnetoresistance effect, 39, 40 pronounced MIROs, zero-resistance states, 31,41-46 and a strong peak (marked by "MPR") which corresponds to the lowest mode of the dimensional magnetoplasmon resonance.
47-49 Finally, we notice a series of fast oscillations superimposed on the second MIRO maximum. The origin of these oscillations is unknown at this point, but the peak closest to the second harmonic of the cyclotron resonance (marked by "X 2 ") looks similar to the recently discovered radiation-induced X 2 peak. 36, [50] [51] [52] [53] We will return to this peak when we discuss our results in sample B.
One can accurately determine the effective mass entering Eq. (1) by trial and error, namely, by adjusting m ⋆ until each calculated cyclotron resonance harmonic falls symmetrically between maximum and minimum of the same order. Remarkably, such a procedure applied to the data in Fig. 1 To this end, and to confirm that the strong peak in Fig. 1(a) is due to MPR, we have repeated our measurements at a variety of microwave frequencies, from 100 to 175 GHz. From these data we have then extracted the magnetic field positions of the MIRO maxima and of the MPR peak for all frequencies studied. Our findings are presented in Fig. 1 On the other hand, the MPR peak follows a dispersion [cf. open circles in Fig. 1(b) ] characteristic of a magnetoplasmon resonance,
where ω 0 is the frequency of the lowest mode of standing plasmon oscillation. As shown in the inset, f 2 is a linear function of B 2 , in agreement with Eq. (2) . From the slope of the fit to the data with
We also notice that previous MPR experiments obtained m ⋆ values ranging from 0.067 to 0.071.
47,48,55-57
Using ω 0 ≈ 0.85 πe 2 n e /2ε 0ε m ⋆ w, 47,58-61 where m ⋆ = 0.066 m 0 , ε 0 is the permittivity of vacuum, and ε = 6.9 is the average dielectric constant of GaAs (12.8) and free space (1), we estimate f 0 = ω 0 /2π ≈ 105 GHz. This value is in good agreement with f 0 ≈ 112 GHz obtained from the value of the fit at B 2 = 0. The MPR dispersion f (B) [cf. solid curve in Fig. 1(b) ], calculated using Eq. (2) and extracted f 0 and m ⋆ , shows excellent agreement with our experimental data. We thus conclude that the peak marked by "MPR" in Fig. 1(a) originates from the fundamental MPR mode.
47-49
The main conclusion of our study on sample A is that the effective mass obtained from MIROs is significantly lower than both the mass entering the magnetoplasmon resonance and the band mass in GaAs. To confirm this finding we have performed similar measurements on sample B. Figure 2 ⋆ generate m ⋆ = 0.0584 m 0 and m ⋆ = 0.0586 m 0 for i = 3 and i = 4, respectively. We thus again find a considerably reduced effective mass value which nearly matches our result in sample A.
Close examination of Fig. 2(a) reveals that the photoresistance maximum near the second harmonic of the cyclotron resonance is considerably higher and sharper than all other maxima. We attribute this maximum to the X 2 peak recently discovered in high mobility 2DES.
36,50-53
While the origin of the X 2 peak remains unknown, its large amplitude 50, 52 and distinct responses to dc 53 and to in-plane magnetic 51 fields strongly support the notion that the X 2 peak and MIROs are two different phenomena. However, there exists a controversy regarding its exact position. More specifically, Refs. 50 and 51 concluded that the X 2 peak occurs exactly at the second harmonic of the cyclotron resonance, ω/ω c = 2. However, Refs. 36, 52 and 53 found that the peak occurs at somewhat higher B than the second harmonic. This apparent controversy can be resolved by noticing that the above conclusions were made based on different approaches. While Ref. has determined the X 2 peak position from the cyclotron resonance measured in absorption, Refs. 36, 52 and 53 used MIROs as a reference. Indeed, using the latter approach we find that the X 2 peak occurs at a magnetic field somewhat higher than the second harmonic, as in previous studies.
36,52,53
On the other hand, we have just established that the MIRO effective mass is significantly lower than the mass entering the MPR, which is closely related to the cyclotron resonance. Therefore it is interesting to examine the effective mass obtained from the X 2 peak, assuming that it appears exactly at the second harmonic of the cyclotron resonance, as found in Refs. 50 and 51. As shown in Fig. 2(b) by open circles, the X 2 peak follows a linear dispersion relation extrapolating through the origin. A linear fit with f = eB/πm ⋆ , shown by the solid line, generates m ⋆ = 0.063 m 0 , 62 which is noticeably higher (lower) than the MIRO (MPR) mass.
As mentioned above, one can also obtain m ⋆ directly from the MIRO period. This method is based on scaling of multiple oscillations and does not a priori assume δ = 1/4. To illustrate this approach, we present on the right axis of Figure 4 further confirms that the masses extracted from the fits in Fig. 1(b) and Fig. 2(b) accurately describe our experimental data over the entire range of frequencies studied.
In summary, we have investigated microwave photoresistance in very high mobility GaAs/AlGaAs quantum wells over a wide range of microwave frequencies. The analysis of the period of microwave-induced resistance oscillations reveals an effective mass m ⋆ ≈ 0.059 m 0 , which is considerably lower than the GaAs band mass m ⋆ b = 0.067 m 0 . These findings provide strong evidence for electron-electron interactions in very high Landau levels and for sensitivity of MIROs to these interactions. On the other hand, the measured dispersion of the magnetoplasmon resonance is best described by m ⋆ ≈ m ⋆ b . It would be interesting to examine if the low value of the effective mass is confirmed in studies of other nonlinear phenomena, such as Hall-field induced resistance oscillations.
20,64-66
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